[1] We observed the variations of the semi-annual oscillation (SAO) in the mesopause region of northern subtropics, and we describe its origin and forcing implications. Using the measurements of horizontal wind profiles made by the University of Illinois meteor radar in Maui, Hawaii (20.7°N, 156.3°W) from May 2002 to June 2007 and the European Centre for Medium-Range Weather Forecasts (ECMWF) interim data set, we find that the mesospheric SAO, with the winter westerly near 80-90 km clearly stronger than the summer westerly, is out of phase with the stratospheric SAO near 1 hPa ($50 km). The mesospheric SAO easterly is strong during the easterly phase and weak during the westerly phase of the stratospheric quasi-biennial oscillation (QBO) near 10 hPa ($30 km), suggesting the modulation of the mesospheric SAO by the stratospheric QBO. The mesospheric QBO has an amplitude of approximately 5 m/s near 80 km. It is in phase with the stratospheric QBO near 10 hPa and out of phase with the QBO-like oscillation near 1 hPa. The correlation of the gravity wave (GW) and the quasi-two-day wave (QTDW) activities with the mesospheric SAO and QBO suggests that the GW drags and the QTDW Eliassen-Palm flux divergences likely contribute to the QBO modulation of the mesospheric SAO. The winter easterly wind in the tropical upper stratosphere pushes further into the northern subtropics during the QBO westerly phase than during the easterly phase. This may have impacts on the upward propagation of westward-propagating GWs originated from the middle latitudes, and thus the westward GW forcing in the upper mesosphere of northern subtropics.
Introduction
[2] Both the semiannual oscillation (SAO) and the quasibiennial oscillation (QBO) are dominant oscillations in the equatorial middle atmosphere and believed to be driven by various equatorial waves and extra-tropical planetary waves (PWs) [Lindzen and Holton, 1968; Delisi and Dunkerton, 1988; Baldwin et al., 2001] . Early observations suggest that the amplitude of the stratospheric SAO peaks at the stratopause [Reed, 1966] and the mesospheric SAO (MSAO) peaks in the upper mesosphere but is out of phase with its stratospheric counterpart [Hirota, 1978; Hamilton, 1982; Garcia et al., 1997] . In addition, the seasonal asymmetry of the stratospheric SAO with the first cycle stronger than the second cycle is mainly attributed to the stronger PW activities during Northern Hemispheric winter than during Southern Hemisphere winter [Delisi and Dunkerton, 1988] . Using model simulations, Dunkerton [1982] concluded that the tropical MSAO is primarily driven by the momentum deposition through dissipating or breaking of gravity waves (GW) and Kelvin waves that are selectively transmitted through the stratospheric SAO wind. However, a 3-D Whole Atmosphere Community Climate Model (WACCM) simulation showed that the easterly forcing by advection term and the Eliassen-Palm (EP) flux divergence because of all the resolved waves are comparable but opposite to that by GWs [Richter and Garcia, 2006] . The WACCM model also suggests that around solstices, the EP flux divergence mostly arises from the quasi-two-day wave (QTDW) with approximately À7 m/s/day forcing during January and half as much during June/July.
[3] On the other hand, the mesospheric QBO (MQBO) peaks in the mesopause region, and it is also out of phase with its stratospheric counterpart near 10 hPa in the equatorial region, as first revealed by UARS/High Resolution Doppler Imager (HRDI) satellite observations [Burrage et al., 1996; Baldwin et al., 2001] . The GWs, which propagate through the stratosphere QBO wind and then dissipate or break down in the mesopause region, generate the equatorial MQBO [Mayr et al., 1997; Baldwin et al., 2001] . Using UARS/HRDI and various ground-based data sets, Burrage et al. [1996] and Garcia et al. [1997] found that the easterly phase of the tropical MSAO is strong during the westerly phase and weak during the easterly phase of the stratospheric QBO, suggesting the modulation of the MSAO by the stratospheric QBO. Garcia and Sassi [1999] further indicated that the upward propagation of the westward GWs (driving the easterly phase of the MSAO) may be modulated by the equatorial stratospheric QBO via the zonal wind-filtering process, while the westerly phase of the MSAO is primarily driven by the eastward-propagating Kelvin waves and GWs. The horizontal phase speeds of the Kelvin waves are fast enough to survive the stratospheric QBO filtering. The recent HAMMONIA model simulation further suggested that in the mesopause region, the QBO signature in the momentum advection term is much weaker than those in both GW drag and EP flux divergence [Peña-Ortiz et al., 2010] . The clear QBO signature in the middle-latitude horizontal wind and temperature QTDW was revealed by both early lidar and satellite observations [Li et al., 2008] .
[4] Even though both the SAO and the QBO reach a maximum in the equatorial region, their influence also extends into the subtropical region. The purpose of this article is to characterize the MSAO and the QBO and the modulation of the MSAO by the stratospheric QBO in the subtropical mesopause region. The University of Illinois at UrbanaChampaign (UIUC) meteor radar was deployed in Maui, Hawaii (20.7°N, 156 .3°W) in 2002, together with an all-sky OH imager and a sodium temperature/wind lidar, to investigate wave activities in the subtropical mesosphere/lower thermosphere (MLT) region. We use the vertical profiles of the hourly mean zonal wind observed by the meteor radar from May 2002 to June 2007 to study the MSAO and the MQBO over this subtropical site. The European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis interim data set during the same period is used to obtain the stratospheric winds. The momentum flux of monochromatic short-period GWs near 87 km is estimated from a collocated OH all-sky imager observation during the same period and is used to investigate the GW activities. The data set and analysis are briefly described in section 2. In section 3, we present the characteristics of the MSAO and the MQBO and their stratospheric counterparts. The possible modulation of the easterly phase of the MSAO by the stratospheric QBO is also discussed. The correlation of the GW momentum flux and the QTDW activities with the MSAO and the QBO is then explored in section 4. The stratospheric background wind effect on the GW propagation is discussed in section 5, followed by a summary in section 6.
Data Set and Analysis
[5] The UIUC meteor radar is a SkiYMET radar with a single 3 element Yagi antenna pointing zenith as the transmitter (operating wavelength at 40.92 MHz), and five 2 element Yagi antennae as receivers. It was operated 24 hours a day continuously from May 2002 to June 2007 in Maui, Hawaii, with a gap between November 2005 and March 2006 because of instrument problems. The radar system was described in details in Franke et al. [2005] . Following the algorithms in Hocking et al. [2001] , the meteor trail position and Doppler shift can be determined. An assumption is that the horizontal wind is uniform and the vertical wind is negligible. The horizontal wind vector is then estimated with a least squares fit based on the meteor echoes received by the five antennas within 1 hour. The uncertainty is derived from the root-mean square uncertainties of measurement range, zenith angle, and least squares fitting results, according to Franke et al. [2005] .
[6] We calculated the vertical profile of the daily mean wind by averaging the hourly profiles with 2 km vertical resolution within one day, then averaged the daily mean profiles on the same calendar day from all years to obtain a composite daily mean profile. This set of composite daily mean profiles that depicts the annual variation is used to study the MSAO. We further smooth this data set at each altitude bin with a low-pass filter with a cutoff at 60 days to remove the short-period variability. We also obtain the vertical wind profile averaged for the entire period between 2002 and 2007, hereinafter referred to as the time mean profile. As the radar was operated continuously for 24 hours a day, the tidal waves are efficiently eliminated by the daily average. The tidal seasonal variability derived from the same data set is discussed in a separate article . In order to study the MQBO, we further calculate the monthly mean winds from their daily means, and then deseasonalize them by removing the climatological mean as well as the annual and semiannual cycles at each altitude. The annual and semiannual cycles are obtained by fitting two sinusoidal functions with periods of 12 and 6 months to the monthly mean winds. To obtain the stratospheric SAO and QBO, we use the ECMWF interim reanalysis stratospheric winds between 2002 and 2007 and apply the same method as used to determine the MSAO and MQBO. The ECMWF zonal winds were validated with various observational data sets, for example, rocketsonde, and rawinsonde, and the tropical stratospheric QBO and SAO are well simulated [Baldwin and Gray, 2005] .
[7] In order to investigate the correlation of the GW activities with MSAO and MQBO, we used the data set observed by a collocated OH all-sky imager during the same period as the meteor radar observations. The vertical flux of zonal and meridional momentum (u′w′ and v′w′) for monochromatic short-period GWs (less than 1 hour) near 87 km is estimated for a further comparison with the zonal wind. The detailed derivation for the momentum flux can be found in Swenson and Liu [1998] , Swenson and Gardner [1998] , Tang et al. [2005] , and Li et al. [2011] . In brief, the raw images are first flat-fielded, star suppressed, and detrended to correct the coordinate distortion from fish-eye lens and eliminate the stars and large horizontal waves. In order to extract intrinsic phase speed of a monochromatic GW, the Doppler wind effect is then compensated for by shifting pixels in a group of three consecutive images using the second image as the base. The pixels in the first (third) image are shifted toward (against) the wind direction by an amount of distance moving in a time interval of two consecutive images. The background horizontal wind is obtained from a collocated meteor radar wind. Finally, the time difference (TD) image between two consecutive raw images is formed to enhance the short-term variation and suppress the background. The wave parameters (e.g., propagation direction, horizontal wavelength, wave amplitude in OH volume emission rate) are identified for each wave using 2-D Fourier transformations. The wave intrinsic phase speeds are inferred from wave phase progression between two consecutive Doppler-shifted TD images, and the intrinsic wave periods are then derived from horizontal wavelengths and intrinsic phase speed. The vertical wavelength was calculated using horizontal wavelength and intrinsic frequency and the GW dispersion relationship (i.e.,
, where m and k are the vertical and horizontal wave numbers, respectively; N is Brunt-Vaisälä frequency; f is Coriolis parameter; and H is the scale height).
[8] The vertical flux of horizontal momentum is estimated with the wave parameters and associated OH emission rate perturbations, based on the model developed by Swenson and Liu [1998] :
with unit in m 2 s À2 , where g is gravitational acceleration, T ′=T is relative temperature perturbation, and I′=I is relative OH volume intensity. The cancellation factor CF is a function of wave period, vertical wavelength, and background atmospheric condition [Swenson and Gardner, 1998 ]. It relates the measured relative airglow intensity perturbation amplitude to the relative atmospheric density and thus temperature perturbation amplitudes caused by the wave. The uncertainty of CF is less than 50% for vertical wavelengths longer than 12 km, but it is considerably larger for the shorter wavelengths [Swenson and Liu, 1998 ].
[9] The gravity waves measured at Maui OH images are short-period GWs (usually with period less than 1 hour, dominated by period 15-30 min) . The highfrequency GWs contribute approximately 70% of momentum flux in the MLT region, as suggested by early radar observations [Fritts and Vincent, 1987] . These waves tend to have small horizontal scales according to gravity wave dispersion relationship. As the momentum flux estimation depends on the estimation of wave amplitude from airglow intensity perturbation, the error of momentum flux comes from several considerations. The first consideration is the uncertainty in inferred vertical wavelength based on hourly wind measurement and the climatology of buoyancy frequency in the OH airglow layer because the cancellation factor largely depends on the vertical wavelength. Second, the calculation of cancellation factor is based on a climatology profile of O distribution, which may deviate from its normal condition. Third, the monthly mean momentum flux is calculated by averaging momentum flux over good observation period during a month, and it may introduce a sampling bias.
[10] The recent WACCM model results suggest that the strong EP flux divergence primarily from the QTDW during solstice could significantly contribute to the driving force of the equatorial MSAO [Richter and Garcia, 2006] . The QTDW is a planetary-scale westward-propagating oscillation with a zonal wave number of either 3 or 4 and a period near 2 days (varying between 1.7 and 2.3 days) [Wu et al., 1996; Salby and Callaghan, 2001] . To obtain the QTDW kinetic energy per unit mass, we first remove the mean plus 24, 12, and 8 hour tidal oscillations within a 15 day window stepping every 7.5 days. Then we apply a band-pass filter to the residuals with cutoffs at 1.6 and 2.5 days, which covers the whole QTDW frequency spectra, and also excludes the GW spectra (the inertia-period is $1.5 days in Maui). Finally, we calculate the variance of the band-pass filtered residual winds within that window at each altitude. The kinetic energy per unit mass at each altitude is then estimated according to ðu′ 2 þ v′ 2 Þ=2.
Observations
[11] The contour plots of a composite year of meteor radar daily mean zonal wind are shown in Figure 1a , its departure from the time mean in Figure 1b , and the vertical profiles of the time mean and the amplitudes of the annual oscillation (AO) and SAO in Figure 1c . Below 90 km, the total mean zonal wind is dominated by westerlies in winter with a maximum of more than 30 m/s in January and easterlies in spring with maximum of approximately À15 m/s in April, followed by the weak westerlies and easterlies in summer and fall seasons, respectively. The dominance of the MSAO below 90 km with the first cycle much stronger than the second cycle is clearly consistent with previous observations in the tropical middle atmosphere [Hirota, 1978; Hamilton, 1982; Garcia et al., 1997] . Above 90 km, the strong westerlies in summer with a maximum of (Figure 1b) . It is noted that the amplitude of the MSAO over Hawaii is only half as strong as those observed previously at tropical sites, for example, Ascension Island [Hirota, 1978] and Kwajalein Island [Hamilton, 1982] . With the MF radar observations at Kauai, Hawaii during 1990 -1992 , Fritts and Isler [1992 , 1994 obtained the amplitude of the MSAO in the first cycle to be 50-60 m/s near 80 km with significant interannual variability. This is 2-3 times stronger than our 5 year averaged results. The vertical profile of the time mean zonal wind (Figure 1c) shows the westerlies of approximately 10 m/s between 80 and 95 km and a shift to weak easterlies above 98 km. The amplitude of the SAO is approximately 5 m/s stronger than the AO below 90 km, while it is much weaker than the AO above.
[12] Figure 2a The first 2 years of MF radar wind observations in Kauai, Hawaii also showed the evidence of significant interannual variability [Fritts and Isler, 1994] .
[13] Figure 3 shows the time series of the Maui meteor radar zonal wind with time mean removed at 81 km, ECMWF equatorial zonal mean zonal wind at 10 hPa, and at 1 hPa. It is clear that the stratospheric QBO dominates the equatorial zonal mean zonal wind at 10 hPa with easterlies with the stratospheric SAO (red dotted curve), which means that during the same cycle, the upper stratosphere easterlies correspond to the upper mesosphere westerlies and vice versa. This is consistent with previous observations in the tropical middle atmosphere [Hirota, 1978; Hamilton, 1982; Garcia et al., 1997] .
[14] The easterly phases of the stratospheric SAO during the winters of 2001/2002, 2003/2004, and 2005/2006 (marked with blue circles), corresponding to the westerly phase of the stratospheric QBO, are stronger than the easterly phases of the stratospheric SAO in any other winters. However, the MSAO at 81 km revealed from the Maui radar observations shows the stronger easterly phases during the spring of 2003, 2005, and 2007 (marked with red circles), suggesting the modulation of the MSAO easterlies by the stratospheric QBO (with the stronger MSAO easterlies during the stratospheric QBO easterly phases). Using various satellite and ground-based data sets, Burrage et al. [1996] and Garcia et al. [1997] found that the easterly phase of the equatorial MSAO is strong (weak) during the westerly (easterly) phase of the stratospheric QBO. However, our observation in Maui, Hawaii is just opposite to what these early observations found in the equatorial mesosphere.
[15] To examine the relationship between the mesospheric and stratospheric QBOs, we plot in Figure 4 the time series of the deseasonalized monthly mean of Maui radar zonal wind (black solid and diamond symbols) at 81 km, and the deseasonalized monthly mean of ECMWF zonal mean zonal wind at 10 hPa (dashed) and 1 hPa (dotted), respectively, at equator (blue) and 19.5°N (red). In order to better compare the QBO at these two altitudes, we scaled the equatorial zonal wind at 10 hPa by a factor of 1/2. The amplitude of the stratospheric QBO ($20 m/s) at the equator near 10 hPa is about twice stronger than that at 19. is clearly in phase with the stratospheric QBO at the equator near 10 hPa (with a correlation coefficient of $0.83) and out of phase with the stratopause QBO-like oscillation at 1 hPa (with a correlation coefficient of $À0.60).
Correlation With GW and QTDW Activities
[16] The tropical MSAO is primarily driven by the momentum deposition through dissipating or breaking GWs and Kelvin waves that are selectively transmitted through the stratospheric SAO wind [Dunkerton, 1982] . Kelvin waves are confined within the equatorial region [Matsuno, 1966] . As such the primary driving force of the MSAO in the subtropics is most likely GWs, PWs, as well as the meridional advection [Richter and Garcia, 2006] . The recent HAMMONIA model simulation found a strong signature of the QBO modulation on GW drags and EP flux divergence, but considerably weak QBO signature in the momentum advection terms in the tropical mesopause region [Peña-Ortiz et al., 2010] . This suggests that the driving forces of the MQBO and the QBO modulation of the MSAO mainly come from the waves.
[17] Figure 5 shows the monthly mean of nighttime mean zonal and meridional momentum flux from monochromatic GWs centered at approximately 87 km, over-plotted with the monthly mean of zonal wind at 81 km. The zonal momentum flux is westward in winter and summer corresponding to the westerly phase of the MSAO, and it is eastward in spring and fall corresponding to the easterly phase of the MSAO. As the meridional wind is usually weak, this may suggest that the dominant wave sources are likely located in the northern side of Hawaii in winter and southern side in summer. Walterscheid et al. [1999] found similar results in Australia during the Southern Hemisphere winter, and they suggested that the GWs they observed originated from middle-and high-latitude storms. Sato et al. [2009] suggested that the primary sources of GWs in the Northern hemisphere winter are mountains and the tropospheric westerly jet, located in the middle latitudes.
[18] Using the Jet Propulsion Laboratory Rayleigh lidar at Mauna Loa Observatory, Hawaii (19.5°N, 155.6°W), Li et al. [2010] revealed that the SAO oscillation in GW variance (for wave period longer than 1 hour and vertical wavelength at 0.6-15 km) in the lower mesosphere reaches maxima in both winter and summer. Using the MF radarobserved winds over the island of Kauai, Hawaii (22°N, 160°W), Gavrilov et al. [2003] found the SAO seasonal variation of GW variances with periods 0.1 to 5 hours below 84 km. The GWs may propagate upward into the mesopause region and dissipate and/or break and drive the MSAO [Dunkerton, 1982] . Further, Gavrilov et al. [2004] also found the influence of the QBO on the MF radar wind variances with periods of 0.1 to 5 hours near 80-84 km over Hawaii, with maximum variances during the winter of 1993/1994, 1995/1996, and 1997/1998 (nearly corresponding to the easterly phase of stratospheric QBO), suggesting modulation of GW variance by the QBO.
[19] Figure 6 shows the time series of the 15 day averaged QTDW kinetic energy per unit mass (red plus) derived from hourly mean radar wind at 81 km, over-plotted with monthly mean radar zonal wind at 81 km (black). The SAO oscillation is clearly seen in the QTDW kinetic energy per unit mass with maximum peaks in January and July (corresponding to the sharp switch of MSAO westerly zonal wind to easterly wind). This seasonal variability of the QTDW kinetic energy is clearly consistent with the early satellite observations [ Wu et al., 1996] . The strong QTDW activities may be because of the strong atmospheric (barotropic/baroclinic) instability that originated from the strong mesospheric easterly jet during these periods [McCormack et al., 2009] .
Stratospheric Background Wind Effect
[20] The stratospheric background wind could strongly impact the upward propagation of GWs into the mesosphere. Once the GWs approach the critical level where the wave horizontal phase speed is equal to background mean wind, the waves dissipate and break, and thus deposit the momentum and energy into the mean flow [Lindzen, 1981] . Figure 7 shows the ECMWF zonal mean zonal wind (from ground up to stratopause) averaged over December, January, and February during the QBO westerly phase in winter 2001 / 2002 , 2003 [21] The winter easterly wind regime in the tropical upper stratosphere pushes further into the northern subtropics during the QBO westerly phase than during the easterly phase. As such, more westward-propagating GWs carrying westward momentum originated from the middle latitudes [Sato et al., 2009] are likely to penetrate into the subtropical upper mesosphere, leading to stronger westward GW forcing during the QBO easterly phase than during the westerly phase. However, we do not have information on the zonal wind above 1 hPa to assess the filtering process. In the Figure 7 . ECMWF stratospheric zonal mean zonal wind averaged over December, January, and February (left) during the QBO westerly phase in winter 2001/2002, 2003/2004 and 2004/2005 and (right) winter equatorial region, more eastward-propagating GWs likely penetrate into the equatorial upper mesosphere, leading to stronger eastward GW forcing during the easterly QBO phase than during westerly phase, just opposite to the subtropical region. This may provide some hints to the outof-phase feature of MQBO and the modulation of MSAO by QBO between tropics and subtropics.
[22] The ECMWF zonal mean zonal wind in January (not shown) indicates that the summer easterly jet in the Southern middle-latitude stratopause region is stronger during QBO easterly phase than during the westerly phase. The summer mesospheric easterly jet provides a favorable condition for the reversal of latitudinal gradient of potential vorticity, which is a prerequisite for atmosphere barotropic/ baroclinic instability [Liu et al., 2004] . The strong atmospheric barotropic/baroclinic instability could significantly amplify the wave number 3 QTDW in the mesopause region [Plumb, 1983; Wu et al., 1996] . The wave number 3 QTDW could also extend into the northern subtropical mesopause region [Wu et al., 1996] . Meanwhile, the mesospheric easterly jet is primarily driven by the dissipation and breaking of GWs, which also possibly suffer the stratospheric QBO zonal wind filtering. Although the strong QTDW activities during January 2003 January , 2005 January , and 2007 may possibly enhance the westward driving forcing of MSAO and MQBO, we do not have evidence to show that. A quantitative estimation of the driving forces (e.g., GW drag, PW EP flux divergence, and meridional advection) of the MSAO and MQBO over Hawaii is beyond the scope of this article and is an ongoing project with analyses of both model simulation and global satellite data sets. [24] The zonal momentum flux of short-period GWs near 87 km obtained from a collocated OH all-sky imager is westward in winter and summer corresponding to the westerly phase of the MSAO, and eastward in spring and fall corresponding to the easterly phase of the MSAO. The stronger westward zonal momentum flux is also found in winter 2002/2003, 2004/2005, and 2006/2007 . The meridional momentum flux is southward in winter and northward in summer, suggesting that the dominant wave sources are likely located in the northern side of Hawaii in winter and southern side in summer. The SAO oscillation is also clearly seen on the QTDW kinetic energy per unit mass with maximum peaks in January and July. The strong QTDW activities during January 2003 January , 2005 January , and 2007 could possibly enhance the westward driving forcing of MSAO and MQBO.
Summary
[25] The ECMWF zonal mean zonal wind from ground up to stratopause indicates that the winter easterly wind in the tropical upper stratosphere push further into the northern subtropics during the QBO westerly phase than during the easterly phase. Therefore, more westward-propagating GWs are likely to penetrate into the subtropical upper mesosphere, leading to stronger westward GW forcing during the winter of QBO easterly phase than during the winter of QBO westerly phase. However, in the winter equatorial region, more eastward-propagating GWs likely propagate upward into the equatorial upper mesosphere, leading to stronger eastward GW forcing during the easterly QBO phase than during westerly phase, just opposite to the subtropical region. The ECMWF zonal mean zonal wind in January further suggests that the summer easterly jet in the southern middle-latitude stratopause region is stronger during QBO easterly phase than during the westerly phase, leading to stronger atmospheric instability, and thus the amplification of wave number 3 QTDW. Therefore, the strong QTDW activities during January 2003 January , 2005 , and 2007 could possibly enhance the westward driving forcing of MSAO and MQBO. However, analyses of both model simulations and global satellite data sets are needed to quantitatively estimate the driving forces of the MSAO and MQBO over Hawaii.
